Objective-Hypercholesterolemia and hypertension are associated with aortic valve stenosis (AVS) in humans. We have examined aortic valve function, structure, and gene expression in hypercholesterolemic/hypertensive mice. Approach and Results-Control, hypertensive, hypercholesterolemic (Apoe −/− ), and hypercholesterolemic/hypertensive mice were studied. Severe aortic stenosis (echocardiography) occurred only in hypercholesterolemic/hypertensive mice.
A ortic stenosis in humans is associated with multiple risk factors, including hypercholesterolemia and hypertension. [1] [2] [3] [4] Single risk factors have failed to consistently produce hemodynamically significant calcific aortic valve stenosis (CAVS) in mice. In the first model of CAVS, hypercholesterolemia was produced by deficiency of low-density lipoprotein receptors (Ldlr −/− ) together with homozygous expression of apo B 100 (LA mice). 5 On the basis of the idea that 2 hits may be needed to produce aortic stenosis, we have studied the effects of chronic hypertension, produced by activation of the reninangiotensin system, 6 combined with hypercholesterolemia (in apoE-deficient mice). Combining these 2 risk factors has led to discovery of the second experimental model that consistently develops severe aortic stenosis but in sharp contrast to the first model, 5, 7 with minimal calcification of the valve.
In hypercholesterolemic mice, the amount of calcium in the valve is associated with changes in function of the valve in some, 8, 9 but not all, 7 interventions. In humans, in some, 10, 11 but not all, studies, 12, 13 the amount of calcification in the aortic valve is a predictor of valve function. Thus, this is a new model of fibrotic aortic valve stenosis (FAVS) without significant valve calcification, findings that resemble children and some adults with aortic stenosis. 12, 13 Structural changes that account for aortic stenosis are not clear. In this model of FAVS, we found little change in total collagen in the valve. We now propose that collagen remodels at the base of the valve leaflets to produce a mesh, which may contribute to development of stenosis. We also propose that lengthening of the raphe of the valve leaflets may limit the opening of the valve. A method was developed to measure the length of the raphe (or seam) at the base of the valve leaflets. Another method was developed to measure the size of the valve leaflets. It has been proposed that asymmetry of leaflets in humans may lead to processes that produce aortic stenosis. 14, 15 Medical treatments for aortic stenosis in humans have failed. 16 To identify new targets for treatment of aortic stenosis, we have performed whole transcriptome profiling using RNA sequencing (RNA-Seq) of the aortic valve to identify differentially expressed genes in this new model of FAVS. Gene expression was examined before the development of aortic stenosis to avoid confounding effects of advanced disease. No other study of the aortic valve, in humans or in mice, has used RNA-Seq to compare gene expression with that of normal (control) tissue. Because this model of FAVS is characterized by only minimal calcification, one of our goals was to look with RNA-Seq for genes that promote or limit calcification and fibrosis in blood vessels. [17] [18] [19] 
Materials and Methods
Materials and Methods are available in online-only Data Supplement.
Results
Using echocardiography to examine opening of the aortic valve during systole, we measured aortic cusp separation (ACS). ACS was similar in control and hypertensive mice ( Figure 1 ). In hypercholesterolemic mice, there was a small decrease in ACS (P<0.05; Figure 1E ), which was not hemodynamically significant, based on our previous comparison of ACS and transvalvular gradient. 5 In hypercholesterolemic/ hypertensive mice, there was a significant decrease in ACS, with severe aortic stenosis (AVS, <0.66 mm) in about half of the mice ( Figure 1E ). Thus, severe aortic stenosis was identified only in hypercholesterolemic/hypertensive mice. Significant aortic regurgitation was not observed in any mice.
When mice died before we planned to euthanize them at 12 months of age, the cause of death usually was not clear because deaths were not observed and were not preceded by premonitory signs. Regional wall motion abnormalities of the left ventricle (suggestive of myocardial infarction) were not detected by echocardiography. Gross examination at autopsy did not reveal myocardial infarction or blood in the thorax or abdomen, which would have suggested the rupture of aortic aneurysms.
Histological Measurements
We used morphometry to examine structural components of the aortic valve. There was minimal calcification in the aortic valve of control mice (Figure 2A ). Calcification in the valve was modest and similar in hypertensive, hypercholesterolemic, and hypercholesterolemic/hypertensive mice. There was substantial calcification in the atheroma around the base of the valve, which indicates that the Alizarin red stain was able to detect calcification when it is present ( Figure III in the online-only Data Supplement). Thus, calcification of the aortic valve was minimal and not greater in hypercholesterolemic/hypertensive mice that are the group that develops AVS.
Total collagen and elastic fibers were not changed in hypertensive, hypercholesterolemic, and hypercholesterolemic/ hypertensive mice compared with control mice ( Figure 2B and 2C). Lipids in the aortic valve were increased in hypercholesterolemic and hypercholesterolemic/hypertensive mice ( Figure 2D ). Because lipids in the valve were not greater in hypercholesterolemic/hypertensive mice than in hypercholesterolemic mice, they cannot account for aortic stenosis.
Base and Cusps of the Aortic Valve
We next focused on other structural changes that might account for AVS. A new method was developed to examine the raphe, which is the seam between cusps ( Figure 3 ). The length of the raphe (from annulus to separation of the cusps) tended to increase (not significant) in hypertensive and hypercholesterolemic mice and increased >2-fold (P<0.05) in hypercholesterolemic/hypertensive mice ( Figure 3E ). Thus, the raphe was significantly longer in the group (hypercholesterolemic/ hypertensive mice) that developed aortic stenosis.
Area of all 3 cusps tended to increase in hypertensive mice (not significant; Figure 4A ). Area of the right and left, but not noncoronary, cusps increased in hypercholesterolemic/ hypertensive mice ( Figure 4A ). Asymmetry of the cusps was expressed as the ratio of the average areas of the right and left cusps to noncoronary cusp. Aortic valve cusps were asymmetrical in hypercholesterolemic/hypertensive mice but not in other groups ( Figure 4B ). In addition, in scanning electron micrographs (SEMs) of hypercholesterolemic/hypertensive mice, the noncoronary cusp was smaller in hypercholesterolemic/hypertensive mice than in other groups ( Figure 4C ). Thus, with echo measurements, and in SEMs, there is asymmetry of the valve cusps in hypercholesterolemic/hypertensive mice. We have described aortic stenosis in Ldlr −/− Apob 100/100 (LA) mice previously 5 and now provide SEMs for comparison with hypercholesterolemic/hypertensive mice ( Figure 4D ). In SEMs, there also seems to be asymmetry of the valve in LA mice, with a small noncoronary cusp. Although total collagen did not change in the aortic valve of hypercholesterolemic/hypertensive mice, we examined the possibility that collagen is remodeled, especially at the raphe ( Figure 5 ). In control, hypertensive, and hypercholesterolemic mice, collagen at the base of the cusps was oriented primarily parallel or perpendicular to the long axis of the attachment site ( Figure 5C ). In hypercholesterolemic/hypertensive mice, there was a mesh of collagen at the base of the valve cusps, oriented around a 45° angle to the attachment of the cusps, which tethered adjacent cusps to one another ( Figure 5B ). Thus, although total collagen in the valve was not increased in hypercholesterolemic/hypertensive mice ( Figure 2B ), collagen is remodeled at the base of the valve in hypercholesterolemic/hypertensive mice to form a mesh that spans adjacent cusps, which may restrict opening of the valve.
We also used SEMs to examine the structure of the aortic valve ( Figure 6 ). SEMs show enlargement of the base of the valve in both hypercholesterolemic and hypercholesterolemic/ hypertensive mice ( Figure 6C and 6D). In 1 hypercholesterolemic/hypertensive mouse ( Figure 6D ; with ACS=0.5 mm), there was a band of tissue between 2 cusps. In hypercholesterolemic/hypertensive mice, there was minimal atheroma/ annulus abutting the base of the valve ( Figure 4C ). In contrast, in LA mice, there was a large amount of atheroma/annulus abutting the base of the valve ( Figure 4D ).
RNA-Seq
For RNA-Seq analysis, differential expression is defined as >2-fold increase or 50% decrease with P<0.01. We found statistically significant differential expression of 483 genes in hypercholesterolemic/hypertensive mice compared with control mice. Of these, only 150 genes were identified that were differentially expressed in hypercholesterolemic/hypertensive compared with hypercholesterolemic ( Table II in the onlineonly Data Supplement). Some genes of potential interest (Table) include those related to structural organization of the valve (mineralization and collagen organization), endothelium (or endothelial dysfunction), growth factors, and inflammation. Of particular interest, expression of anticalcific (as well as procalcific) genes was increased in hypercholesterolemic/ hypertensive mice, consistent with the finding that calcification was minimal in the valve.
To begin to determine whether protein, as well as mRNA, is increased in aortic valves from hypercholesterolemic/hypertensive mice, we quantified plasminogen activator inhibitor 1 (PAI-1) by immunofluorescence ( Figure 7 ). PAI-1 protein levels were increased ≈3-fold in hypercholesterolemic/hypertensive mice ( Figure 7E ).
Examples of changes in gene expression for molecular signaling networks are shown in Figure V in the online-only Data Supplement. There was differential expression of many peroxisome proliferator-activated receptor-γ-linked genes in hypercholesterolemic/hypertensive mice versus control mice. When the set of genes was limited to those with differential expression in hypercholesterolemic/hypertensive mice, but not in hypertensive or hypercholesterolemic mice, which do not develop significant aortic stenosis, only 5 peroxisome proliferator-activated receptor-γ-linked genes were identified in the network.
Discussion
There are several major new findings in this study. First, we have discovered a second experimental model that develops severe aortic stenosis. In contrast to the first model, which is CAVS (with 10-to 100-fold greater calcification 7, 9 ) , this new model has minimal calcification. Thus, this is the first model of FAVS. Second, although there is no change in the total amount of collagen in the valve in FAVS, a change in the arrangement of collagen at the base of the valve may knit the leaflets together and restrict opening of the valve (Figure 8) . Also, the raphe at the base of the valve is longer in the group of mice with FAVS than in the other groups. In addition, there is marked asymmetry of the size of valve leaflets in the group of mice with aortic stenosis (Figure 8 ), a finding that is associated with valve dysfunction in humans. 15, 16 Third, RNA-Seq identified 150 genes that are differentially expressed in stenosis-prone valves in hypercholesterolemic/hypertensive mice; some of which are related to fibrosis.
Experimental Model of FAVS
Prolonged hypertension produced by the renin-angiotensin system, like hypercholesterolemia alone, does not produce FAVS in mice by 12 months of age. In contrast, the combination of hypertension and hypercholesterolemia produced moderate to severe FAVS. Thus, >1 risk factor was necessary to induce FAVS in mice. The observation is concordant with the apparent need for multiple risk factors to produce aortic stenosis in humans. 1, 2 No previous study has examined the role of chronic hypertension in the development of AVS in mice.
At least 30 previous studies have examined the aortic valve in apoE-deficient mice, usually in mice that were fed a highfat diet. Many studies demonstrated aortic valve disease, but none has reported hemodynamically significant stenosis (ie, a large decrease in pressure across the aortic valve). Although severe aortic stenosis has been observed with echocardiography in apoE-deficient mice, the prevalence is low (1 of 64 mice with Doppler velocity of >4.0 m/s). 20 We observed statistically significant reduction in ACS in hypercholesterolemic mice, but the physiological effect of that reduction would be expected to be minimal, based on previous hemodynamic correlation studies in mice. 5 We and others have assumed that calcification or fibrosis mediate hemodynamically significant FCAVS 21 and that global measurements of calcification and fibrosis in the valve would predict hemodynamically significant aortic stenosis. We have not found consistent evidence to support this assumption. During development of CAVS, calcification increases in the valve. 21, 22 Reduction of calcium in the valve by 70% during treatment of hypercholesterolemia, however, failed to reduce stenosis. 7 Furthermore, in children 13 and adults, 12 aortic stenosis often occurs in the absence of gross calcification. Thus, associations between calcification of the aortic valve and valve function are highly variable, in humans as well as mice, reflecting heterogeneity of underlying disease processes.
In this study, calcification of the aortic valve was minimal with hypertension or hypercholesterolemia alone and did not produce hemodynamically significant aortic stenosis. Furthermore, the amount of calcification of the valve was not greater in hypercholesterolemic/hypertensive mice with stenosis. Thus, calcification of the valve does not account for stenosis in this experimental model of severe aortic stenosis.
Calcification and collagen content in the valve do not account for AVS in this model. It is theoretically possible that neighboring annulus atheromata could restrict valve function. On the basis of SEMs ( Figure 4C and 4D) , however, atheromatous tissue abutting the valve is minimal in hypercholesterolemic/hypertensive mice, which differs from CAVS in LA mice. Thus, generalized encroachment of atheroma/ annulus on cusp excursion is unlikely as an explanation for valve stenosis. Second, although total collagen in the valve did not increase in hypercholesterolemic/hypertensive mice, there was reorganization of collagen in regions that critically influence cusp mobility.
The experimental model that we described previously 5 are LDLr −/− Apob 100/100 mice. The mice develop CAVS. The current model is Apoe −/− REN + AGT + , and the mice develop FAVS. Mechanisms that account for the strikingly different phenotype are not clear, but one might speculate that activation of the renin-angiotensin system in REN + AGT + mice may contribute to fibrosis observed in Apoe −/− REN + AGT + mice.
One likely explanation for the failure of pharmacological treatments to slow the progression of AVS in humans is that underlying mechanisms may be heterogenous. This possibility is supported by findings in humans [10] [11] [12] [13] and now in mice that the amount (and perhaps role) of calcification differs in human adults and children and in 2 experimental models.
Base and Cusp of Aortic Valve
Two lines of evidence indicate that changes at the base of valve leaflets occur in hypercholesterolemic/hypertensive mice, which may account for FAVS. First, in hypercholesterolemic/ hypertensive mice, the length of the raphe more than doubles. Second, with polarized light, there is a mesh of cross fibers at the base of leaflets in hypercholesterolemic/hypertensive but not in control, hypertensive, or hypercholesteremic mice. On the basis of change in orientation of collagen fibers in hypercholesterolemic/hypertensive mice, we conclude that there is reorganization of collagen fibers and structural remodeling. If fibrosis is viewed as a process where extracellular matrix remodeling leads to reduced tissue distensibility or mobility, then our novel findings are consistent with the concept of FAVS. Our finding of severe aortic stenosis in the absence of gross increases in valve collagen is analogous to findings in some patients with aortic stenosis. Côté et al 23 found at least 25-fold variability in valve collagen among patients with severe aortic stenosis and also found that ≈20% of explanted valves demonstrated minimal valve collagen. This new finding, taken together with studies in CAVS mice, demonstrates that mechanisms leading to severe aortic stenosis can be diverse in mice, as is the case in humans.
The stimulus for remodeling, with formation of a mesh between leaflets in hypercholesterolemic/hypertensive mice, is not clear. Remodeling may be driven by cells within the leaflets or possibly because of remodeling or changes in stress of the aortic wall.
Changes in collagen 24 and proteoglycans 25 have been observed in aortic stenosis, which seem to be related to calcific nodules in valve cusps. Because the observations were made in valves removed from humans, the base of the valves was not examined. We have previously measured collagen in valves from mice 26 but did not examine the base of the valves specifically.
RNA-Seq
A unique aspect of our RNA-Seq approach is that expression is compared in an experimental model that is documented to develop severe aortic stenosis versus disease models that do not consistently develop severe AVS. No other study, in humans or mice, has used RNA-Seq to compare valves with aortic stenosis or are diseased but not yet stenotic versus controls. In addition, we examined expression before development of aortic stenosis to avoid reporting epiphenomena associated with end-stage disease.
An advantage of RNA-Seq compared with arrays is the greater potential for gene discovery. Whereas arrays examine genes that are selected and limited, RNA-Seq covers the entire transcriptome. This approach could result in identification of genes that have not been fully annotated.
A recent study 27 used RNA-Seq to compare tricuspid and bicuspid valves from humans. The study illustrates a productive approach to examine the aortic valve. Seven of 10 genes that differed in the 2 groups produce or degrade extracellular matrix, 27 which implies an important role of fibrosis.
Many genes were differentially expressed in the aortic valve of hypercholesterolemic/hypertensive mice (summarized in the Table) . Expression of bone morphogenetic protein 2 (which stimulates bone formation) was greater in hypercholesterolemic/hypertensive mice, but this difference may be offset by enormous increases in osteopontin (which protects against calcification), decreases in bone morphogenetic protein 3 (which negatively regulates bone density), and decreased expression of asporin (which may induce collagen mineralization). The balance of these changes may contribute to the finding that the mice do not develop the calcific type of aortic stenosis (CAVS). Expression of some other genes (LDLr-related protein 6 and TNFRSFIIB [which encodes osteoprotegerin]) 18, 19 that inhibit calcification in blood vessels is not increased in the aortic valve of hypercholesterolemic/ hypertensive mice.
In the aortic valve of hypercholesterolemic/hypertensive mice, there are prominent changes in genes associated with collagen organization. Expression of osteoglycin, which contributes to collagen organization (and also induces ectopic bone formation), was reduced >60% in hypercholesterolemic/ hypertensive versus hypercholesterolemic mice. Differential expression of galectin 3, which is profibrotic, increased. There were large changes in matrix metalloproteinases.
RNA-Seq, in addition to providing information about genes related to calcification and collagen organization, also . Some mechanisms that may contribute to transition from normal (A) to stenotic aortic valve (B) in fibrotic aortic valve stenosis (FAVS). A collagen mesh forms at the base of the leaflets that may knit the leaflets together and extend the raphe. In addition, the noncoronary cusp (NC) is smaller than the right coronary cusps (RC) and left coronary cusps (LC) in mice with FAVS. Asymmetry of valve leaflets is associated with impairment of opening of the valve. demonstrated differential regulation of genes that modulate endothelial dysfunction and ion channels (Table) . Expression of guanylate cyclase, an effector of endothelial function, 1 is decreased in hypercholesterolemic/hypertensive mice. In valves from hypercholesterolemic/hypertensive mice, there is differential expression of several genes that are associated with ion channels, including TRPV4. In vascular endothelium, TRPV4 is activated by laminar shear and regulates endothelial permeability. 28 After RNA-Seq, we chose to examine PAI-1 protein based on 2 criteria. First, expression of the gene is increased in valves from hypercholesterolemic/hypertensive mice and not in the 3 other groups. Second, PAI-1 is profibrotic and procalcific in other organs and is highly upregulated by inflammation. 29 Expression of PAI-1 also correlates with calcification in human aortic valves. 30 Thus, increased expression of PAI-1, demonstrated with RNA-Seq and protein, supports the hypothesis that PAI-1 contributes to development of FAVS in hypercholesterolemic/hypertensive mice. The findings provide evidence for the potential utility of this approach for identification of new therapeutic targets.
Limitations
The degree to which some novel findings in hypercholesterolemic/hypertensive mice, for example, raphe length, collagen fiber orientation, and gene expression patterns, can be extrapolated to humans with aortic stenosis is not yet known.
Several mice (primarily hypercholesterolemic/hypertensive mice) died before the time at which we planned to euthanize the groups. Although immediate cause of death was usually not known, it is likely that the mice that died were more severely affected and that we underestimated the synergy of hypertension and hypercholesterolemia in induction of FCAVS.
RNA-Seq revealed differential expression of a number of genes that are known to be operative in other settings in the processes of endothelial dysfunction, calcification, fibrosis, and inflammation. We confirmed increased levels of 1 gene product, PAI-1. Determination of the pathophysiologic effect of many newly identified candidate gene products is beyond scope of this initial report of a new model of FAVS.
In summary, we used novel approaches to examine structural changes in the aortic valve and their relationship to valve function. First, the length of the intercusp raphe nearly doubled in the group (hypercholesterolemic/hypertensive) that developed stenosis. A small increase in length of the intercusp raphe would be expected to profoundly restrict opening of the valve. Second, a collagen mesh was observed at the base of the valve in hypercholesterolemic/hypertensive mice, which may lengthen the raphe. In addition, there was asymmetry of the cusps, which may contribute to initiation of processes that produce dysfunction of the aortic valve. Finally, RNA-Seq identified novel candidates, including PAI-1, during the prestenotic disease phase in hypercholesterolemic/hypertensive mice.
